Four pure hydrogenetic, mixed hydrogenetic-diagenetic and hydrogenetic-hydrothermal Fe-Mn Crusts from the Canary Islands Seamount Province have been studied by Micro X-Ray Diffraction, Raman and Fourier-transform infrared spectroscopy together with high resolution Electron Probe Micro Analyzer and Laser Ablation Inductively Coupled Plasma Mass Spectrometry in order to find the correlation of mineralogy and geochemistry with the three genetic processes and their influence in the metal recovery rate using an hydrometallurgical method. The main mineralogy and geochemistry affect the contents of the different critical metals, diagenetic influenced crusts show high Ni and Cu (up to 6 and 2 wt. %, respectively) (and less Co and REY) enriched in very bright laminae. Hydrogenetic crusts on the contrary show High Co and REY (up to 1 and 0.5 wt. %) with also high contents of Ni, Mo and V (average 2500, 600 and 1300 µg/g). Finally, the hydrothermal microlayers from crust 107-11H show their enrichment in Fe (up to 50 wt. %) and depletion in almost all the critical elements. One hydrometallurgical method has been used in Canary Islands Seamount Province crusts in order to quantify the recovery rate of valuable elements in all the studied crusts except the 107-11H, whose hydrothermal critical metals' poor lamina were too thin to separate from the whole crust. Digestion treatment with hydrochloric acid and ethanol show a high recovery rate for Mn (between 75% and 81%) with respect to Fe (49% to 58%). The total recovery rate on valuable elements (Co, Ni, Cu, V, Mo and rare earth elements plus yttrium (REY)) for the studied crusts range between 67 and 92% with the best results for Co, Ni and V (up to 80%). The genetic process and the associated mineralogy seem to influence the recovery rate. Mixed diagenetic/hydrogenetic crust show the lower recovery rate for Mn (75%) and Ni (52.5%) both enriched in diagenetic minerals (respectively up to 40 wt. % and up to 6 wt. %). On the other hand, the presence of high contents of undigested Fe minerals (i.e., Mn-feroxyhyte) in hydrogenetic crusts give back low recovery rate for Co (63%) and Mo (42%). Finally, REY as by-product elements, are enriched in the hydrometallurgical solution with a recovery rate of 70-90% for all the studied crusts.
Introduction
Submarine deposits of ferromanganese (Fe-Mn) crusts and polymetallic nodules are considered of high economic interest due to their enrichment of several strategic and critical metals such as Mn, Co, Ni, Cu, Mo, Te and the so-called high field strength elements (Rare Earth Elements plus yttrium (REY), Ti, Hf, Nb, Ta, Zr) [1] [2] [3] [4] [5] [6] . Security of mineral supply has been identified by the European Commission as a priority challenge facing the raw materials sector. The 2017 list of Critical Raw Materials (CRM) now reflects societies' growing demand for an ever-increasing number and quantity of elements and minerals that supply the green energy and technology sectors [7] . Fe-Mn crusts grow on seamounts and submarine plateaus worldwide in depth ranging from 400 to 7000 m water depth when currents are strong enough to keep the substrate free of sediments [1, 5, 8] . Fe-Mn crusts are oxyhydroxides' deposits consisting of Fe-Mn oxide minerals enriched in cobalt and formed by direct precipitation of colloidal metals from seawater onto hard substrates [9] . Fe-Mn polymetallic nodules occur in the abyssal plains of all the oceans; their growth is due to a concentric accretion of Fe-Mn oxyhydroxides around a nucleus from pore water and from the seawater [6] . Several authors performed mineralogical and geochemical studies in order to comprehend the different formation processes of polymetallic nodules and Fe-Mn crusts [1, 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Marine Fe-Mn deposits are usually classified in three mineralization types depending on the predominant genetic process acting during their growth: hydrogenetic, hydrothermal and diagenetic forming commonly crusts, nodules or stratabounds. Mn-oxides in hydrogenetic crusts are essentially Fe-vernadite and birnessite; on the other hand, diagenetic and hydrothermal deposits show the presence of todorokite, asbolane and buserite [1, [19] [20] [21] [22] . Hydrogenetic crusts are enriched in several critical elements like Co, Ni, Te, V, Mo, REYs and Pt (respectively up to 6600, 4500, 60, 850, 500, 2500 µg/g and 560 ng/g) compared with continental crust [2] . Diagenetic nodules are usually enriched in Ni, Cu, Zn and Co (respectively up to 1,3 and 1 wt. % and 1800 and 2000 µg/g) [2] . Finally, Fe-Mn hydrothermal deposits show large fractionation between Fe and Mn, and the oxide minerals can be enriched in one or more of Li, Mo, Zn, Pb, Cu, or Cr [23] and in scarce cases in Co, Cu, Ni, Hg and Ag [24] [25] [26] . These three genetic processes are usually discriminated by the use of the concentration of Fe, Mn, Ni, Cu and Co of the samples and plotted in a ternary diagram [27] [28] [29] . Several high resolution studies [1, 12, 21, 23, [30] [31] [32] [33] already proved that Fe-Mn deposits are complex and usually formed by the mix, alternation or local influence of different genetic processes. Similar results were already found in a previous study [21] of selected Fe-Mn crusts from Canary Islands Seamount Province (CISP), which initiated their deposition at least 77 My ago in this region [14, 21, 34, 35] .
In previous decades, several studies have been carried out in order to extract valuable metals (essentially Ni, Cu, Co and Mn) from Fe-Mn crusts and nodules [36] [37] [38] [39] [40] [41] . These metallurgical methods are based on two different type of approach: pyrometallurgy or hydrometallurgy. The waste in energy or chemical compounds and the efficiency are critical in order to choose the correct method. New studies propose a selective pre-treatment in order to concentrate valuable metals or the extraction of other metals (i.e., REY) as a byproduct of the extraction of Ni, Cu, Co and Mo [42] . Previous leaching experiments made on CISP Fe-Mn crusts following the experiment of [43] show high recovery rate for Mn, Ni and Co in the hydroxylamine solution (up to 87%) while Cu and V are divided in the hydroxylamine (~55%) and in the hydrochloric (~40%) solutions. Finally, Mo is concentrated in the hydrochloric fraction (~85%) [21] .
High resolution analysis of the texture, mineralogy and the geochemistry of Fe-Mn crusts are very important to determine the contents of strategic and critical elements and the minerals to which those elements are linked. Several authors found that economic valuable elements such as Co, Ni, Cu, and Mo are associated with the manganese oxides in different ways depending on the mineral type such as phyllomanganates (7-10 Å vernadite, 7 Å birnessite, 10 Å buserite) or tectomanganates (e.g., 10 Å todorokite) [42, [44] [45] [46] [47] [48] [49] . This line of work can help to select a distinct metallurgic method to extract the economically important metals.
Here, we report high resolution petrographic, mineralogical and geochemical studies of four selected Fe-Mn crusts from the Canary Island Seamount Province (CISP) as representative of economically potential resources in Macaronesia. We are defining structural and textural features for the mineral phases and the critical elements associated with each of them. We introduce the use of FT-IR and Raman as innovative techniques for identification of poorly-crystalline phases for which X-Ray diffraction (XRD) is difficult. Based on our results, we discuss the importance of knowing the genetic processes and consistently the mineralogy of the Fe-Mn crusts as an essential step in order to select the type of metallurgical treatment that should be used to extract economically interesting metals. One leaching procedure was selected and essayed in the studied Fe-Mn crusts. The different mineral phases, defined in this work as critical-elements bearing minerals, and the elements' association with these different minerals of Fe-Mn crusts represent a key issue of this work.
Materials and Methods

Sampling and Sample Location
Fe-Mn crusts were selected from dredge hauls collected during the cruise DRAGO0511 (2011), performed by the Geological Survey of Spain (IGME), and using manipulator arms of the remoted operated vehicle (ROV) ISIS during cruise JC142 (2016) performed by National Oceanography Centre (NOC) of Southampton and the British Geological Survey. Four different samples, between 49 previously studied crusts, have been selected for this study based on preliminary mineralogical and geochemical studies, which we suppose represent intermediate composition between different genetic end-members. In addition, they show morphological differences as the presence of well-developed botrioyds or not, texture and color, thickness, different substrates (carbonate rock, phosphorites and altered volcanic breccia). Extensive and thick (3-25 cm) Fe-Mn deposits are covering the substrate rocks and sediments on top and flanks of the seamounts in the CISP [34] . Table 1 shows the sampling sites, location, depth and thickness of studied crusts. This work samples belong to dredges DRAGO0511/DR02 from de Echo Sm., DRAGO0511/DR07 from The Paps Sm., and finally DRAGO0511/DR16 and ROV dive JC142-107 from Tropic Sm (Figures 1 and 2 , Table 1 ). These seamounts are part of the southern CISP. Dredges have been obtained from seamount slopes at water depth between 1700 and 1900 m. The ROV sample was obtained at 1716 m water depth. Figure 1 . (A) regional setting of the Canary Islands Seamounts Province (CISP). General view of the study area where the Canary archipelago and the most important seamounts of the southwest area of CISP with their associated mineral deposits are displayed (Map from GeoERA-MINDeSEA project [50] ); (B) 3D view of the studied seamounts and location of the sampling site. (Figure 4 ).
Laboratory Analyses
Different techniques from bulk to high resolution analysis have been used to determine textural, mineralogical and geochemical features of Fe-Mn crusts. XRD, micro-XRD, Raman and FT-IR analysis were performed to determine the mineralogy of the samples. Geochemical studies have been obtained from bulk crusts. Furthermore, high resolution Electron Probe Micro-analyzer (EPMA) and Inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses were conducted to allow a better characterization of the different laminae found in CISP Fe-Mn crusts.
Petrographic, mineralogical and geochemical methods were performed at the Central Laboratories of the Geological Survey of Spain (IGME) (Madrid, Spain), the Department of Crystallography and Mineralogy, Faculty of Geosciences (UCM) (Madrid, Spain), and the National Centre of Electronic Microscopy (ICTS) (Madrid, Spain). Micro spectroscopy (Raman and FT-IR) analyses were performed in the HERCULES laboratory of Évora University, Évora, Portugal while EPMA and LA-ICP-MS were performed in collaboration with the Institute for Mineralogy of the Leibniz University of Hannover (Hannover, Germany) and the Federal Institute for Geosciences and Natural Resources of Hannover (BGR, Hannover, Germany).
Petrography and Mineralogical Studies
General petrographic analyses of textural and mineralogical features were conducted on polished thin sections (ca. 30-120 µm thick) using a DM2700P Leica Microscope (Leica, Wetzlar, Germany) coupled to a DFC550 digital camera. In this work, we use the terms lamina and layer: lamina is defined as the laterally continuous accretion of Fe-Mn oxyhydroxides with thickness from 1 to 20 microns maximum; layer is defined as the package of several laminae that form a thickness (from 1 to up to 5 cm) with almost the same characteristics and clearly visible in hand samples.
Mineralogical identifications were performed by X-ray powder diffraction (XRD). The equipment used included a PANalytical X'Pert PRO diffractometer (Malvern Panalytical, Almelo, The Netherlands), Minerals 2019, 9, 439 6 of 42 Cu-Kα radiation, carbon monochromator and automatic slit (PTRX-004). The analytical conditions for the XRD were: CuKα radiation at 40 kV and 30 mA, a curved graphite secondary monochromator, scans from 2-70 (2θ), step size of 0.0170 (2θ) and step time 0.5 • /min, mineralogical identification were performed using High Score software and the International Centre for Diffraction Data (ICDD) data base.
Punctual micro XRD was made on polished thin section using a Bruker Discover (Bruker Corporation, Billerica, MA, USA) with Goebel mirror and 1D Lynxeye detector operating at 40 kV and 40 mA, with a beam size of 10 um, a step size of 0.05 (2θ), and a step time of 2 and 10 s (DR02-10, DR16-14 and DR07-9). All of the diffraction patterns have been obtained in profiles selected perpendicular to the lamination of the crusts in a length between 0 and 24 mm.
Raman and FT-IR analyses have been carried out to find a new method to discriminate the individual minerals of low crystallinity within the Fe-Mn crusts. Marine Fe and Mn oxides form poorly crystalline minerals with the absence of long distance order, which make their study difficult using conventional XRD techniques [51] . Therefore, vibrational micro-spectroscopy represented by micro-Raman and micro FT-IR were used to support the identification of these poorly crystalline minerals on selected laminae. Moreover, these techniques could be used directly on thin polished samples as they are nondestructive techniques [52] [53] [54] . Raman is a spectroscopic technique used to observe vibrational and rotational modes of the different molecules that form a mineral previously excited with a monochromatic laser. Raman has been used in this work to identify vibration and rotation modes of the Mn-O and Mn-O-Mn bonds of Mn minerals. FT-IR, on the other hand, is a technique used to obtain an infrared spectrum of absorption or emission of a material. Raman spectra have been interpreted using an open database RRUFF [55] and the previous work of several authors [54, [56] [57] [58] . FT-IR spectra have been interpreted using [59] .
Raman analyses were obtained with a Raman spectrometer HORIBA XPlora (Horiba, Ltd., Kyoto, Japan) equipped with a diode laser of 28 mW operating at 785 nm, coupled to an Olympus microscope (Tokyo, Japan) used for the analyses of the paint cross sections. Raman spectra were acquired in extended mode in the 100-2000 cm −1 region. The laser was focused with an Olympus 50× lens, with 1.1-2.8 mW laser power on the sample surface. For this technique, several exposure times and accumulation cycles have been tested obtaining the better spectra with 10 s of exposure, 50 to 100 cycles of accumulation and 600 g/mm grating that provides high intensity of the signal. The Raman scattering spectra were taken at room temperature between 200 and 900 cm −1 , where most of Fe-Mn oxyhydroxides peaks are identifiable.
FT-IR data have been collected with an infrared spectrometer Bruker Hyperion 3000 (Bruker Corporation, Billerica, MA, USA) equipped with a single point mercury cadmium telluride (MCT) detector cooled with liquid nitrogen and a 20× ATR objective with a Ge crystal of 80 µm diameter. The infrared spectra were acquired with a spectral resolution of 4 cm −1 , 64 scans, in the 4000-650 cm −1 of the infrared region.
Bulk Geochemical Analyses
The major elements for bulk Fe-Mn crusts were determined using X-ray Fluorescence (XRF), PANalytical's ZETIUM (Malvern Panalytical, Almelo, The Netherlands) equipment with a rhodium tube and major software (SuperQ, Malvern Panalytical, Almelo, The Netherlands) and Irons protocol. The accuracy of the data was verified using international standard NOD-A-1 (USGS), and precision was found to be better than ±5%. Analytical conditions were 50 kV voltage and 50 mA. The obtained contents were compared with certified international standards (Tables S1 and S2). Na was measured using a Varian FS-220 atomic absorption spectrometer (Varian Inc., Palo Alto, CA, USA) and loss on ignition (LOI) was determined by calcination at 950 • C. For Inductively coupled plasma mass spectrometry (ICP-MS) and Inductively coupled plasma atomic emission spectroscopy (ICP-AES) measurements, samples were prepared with an ultrapure 3-acid digestion (HF, HNO 3 , and HCl), dried afterwards until almost complete dryness and the residuals were diluted with HCl 10%. ICP-AES Minerals 2019, 9, 439 7 of 42 (Varian Vista-MPX, Varian Inc., Palo Alto, CA, USA) was used to measure Nb, S and W in bulk samples. Be, V, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th, U and REEs plus Y were measured with ICP-MS (AGILENT 7500 CE, Agilent Technologies, Santa Clara, CA, USA) with 3-acid digestion. Several standard reference materials were used to validate the analytical procedure for trace elements determinations. Measurements have been verified using artificial certified solution and following this analytical sequence: certified solution → blank → reference material → sample → reference material. Blanks were prepared using the same procedure of samples and their analytical contents was below detection limit for all the elements but Cu, Ba and Zn that show respectively 0.1, 0.5 and 1,4 µg/L. The accuracy and precision of the analytical methods have been calculated using the reference material NOD-A-1 (Table S3 ).
Electron probe micro-analyses (EPMA) were carried out on polished thin sections in order to identify elemental distribution in micro-structures of the selected samples. For this, a Jeol JXA-8900M Electron Probe wavelength dispersive spectrometers/energy dispersive spectrometers (WDS/EDS) Micro Analyzer (Jeol, Tokyo, Japan) was used, operating at 15-20 kV and 50 mA, operating at 15 EDS, and equipped with four wavelength dispersion spectrometers in which these crystals were placed, as follows: channel 1: TAP; channel 2: LIF); channel 3: PETJ; channel 4: PETH. Standards included pure metals, synthetic and natural minerals, all from international suppliers. Back-scattered electron images were also obtained with this instrument. Electron probe micro-analyzer (CAMECA SX 100 and JEOL JXA-8530F, CAMECA, Paris, France, JEOL, Tokyo, Japan) was used in the BGR laboratory. Analyses were made on polished thin sections at 15/20 kV accelerating voltage and 40 nA beam current. The single layers were analyzed with a focused (1-5 µm) and a defocused (5-20 µm) beam. Counting times for the analyzed elements were 10 s for Mn, Fe, Ni, Cu, Na, Mg, Al, Si, K, Ca, Ti, P, S, Cl, 40 s for V, 45 s for Pb, 50 s for Co, 90 s for Zn, 100 s for Ba, Mo and Sr and 110 s for Ce. Rhodochrosite (Mn), hematite (Fe), cobaltite (Co), synthetic Ni 2 Si (Ni), cuprite (Cu), albite (Na), kaersutite (Mg, Al, Si), biotite (K), apatite (Ca, P), rutile (Ti), willemite (Zn), barite (S, Ba), monazite (Ce), molybdenite (Mo), krokoite (Pb), celestine (Sr), vanadium metal (V) and tugtupite (Cl) were used as standards (BGR standards).
In Situ Trace Element Analyses by Femtosecond-LA-ICP-MS
Trace element concentrations of selected zones of the Fe-Mn crusts were acquired by femtosecond-laser ablation-ICP-MS employing a fast scanning sector field ICP-MS (Thermo Scientific Element XR, Thermo Fisher Scientific, Waltham, MA, USA) coupled to a Spectra Physics (Santa Clara, CA, USA) Solstice 194 nm femtosecond laser ablation system at the Institute of Mineralogy at the Leibniz University of Hannover (Hannover, Germany). Details of the fs-LA system are described in [60] [61] [62] [63] . In the present study, sample material was ablated along lines with a laser spot size of 40 µm in diameter and a scanning speed of 20 µm/s. Laser repetition rate was 20 Hz. Each analysis consisted of 30 s background acquisition and 60-80 s ablation interval. Ablated material was transported with a He gas stream towards the ICP-MS and mixed with Ar before entering the torch. The ICP-MS was operated in low mass resolution mode and the following isotopes were analyzed: 7Li, 27Al, 43Ca, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 75As, 77Se, 89Y, 90Zr, 93Nb, 95Mo, 121Sb, 125Te, 139La, 140Ce, 141Pr, 143Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 167Er, 169Tm, 172Yb, 175Lu, 177Hf, 181Ta, 208Pb, 232Th, 238U. ThO-Th ratios were monitored and found to be always <0.4%, indicating that oxide formation rates were negligible. Precision of the technique is better than 1.5% and the accuracy is better than 1.6%. External calibration of the acquired data was performed using the USGS reference glasses BCR-2G with the preferred values reported in the GeoReM database [64] , or using NIST SRM 610 [65] . Data reduction was performed with the Lotus-based spreadsheet program LAMTRACE [66] where 27Al was used for internal standardization.
REY anomalies represent the deviation of the value of the selected element from neighboring elements based on the expected change in REY abundances as a function of atomic number and ionic Minerals 2019, 9, 439 8 of 42 radii [67] . In order to calculate the anomaly produced by Ce, Eu and Y on bulk samples and LA-ICP-MS analyses on laminae have used the following equations:
Hydrometallurgical Method
Several extractive methods have been proposed to process Fe-Mn marine deposits. Pyrometallurgical methods foresees the grind and pre-reduction of the ore and then fed in a furnace with temperatures 1380 to 1420 • C where the metal phase (Fe, Ni and Cu) is formed. Hydrometallurgical methods foresees the use of different leaching agents (HCl, HF, H 2 SO 3 ) in order to obtain solution enriched in the valuable metals (Co, Cu, Ni, Mo) [36, [38] [39] [40] [41] . The hydrometallurgical method used here was previously essayed on Fe-Mn nodules [68, 69] and foresees the digestion of the samples in hydrochloric acid (HCl) with the addition of a reducing agent (ethanol) obtaining metals chlorides' complexes following the equation showed in [69] that remain in solution with up to 90% recovery rate for target elements. The experiment has been selected to prove its efficacy also on Fe-Mn crusts taking in account the recovery rate, similar to all the others' described methods, together with its less energy waste and simplicity to develop in a geochemical laboratory. The experiment has been used in CISP crusts (DR02-10, DR07-9 and DR16-14) to calculate the percentage of valuable metal recovery. Sample 107-11H shows very thin hydrothermal laminae to be physically separated from the whole crust and see differences due to this genetic process on the recovery rate. For the experiment, two grams of powdered sample were used and leached in 100 mL of solution. The method assumed the leaching of the samples using HCl (23 mL) and the addition of 18.5% of the total volume of ethanol (18.5 vol. %), in order to maintain a reduced condition in the solution, in which the acid concentration remained 2.75 mol/L, for at least five hours with a rotating magnet to allow a better dissolution of the samples, following the proceedings of [68] and modified by [69] . Resultant solution has been filtered with a paper filter with 0.27 mL/s flow rate and pore size of <2 µm. The obtained acid solution was analyzed to calculate the recovery rate for all the strategic elements. Previous results of sequential leaching obtained in [21] , with recovery rates of 92-93% Co, 76-87% Ni, 30-55% Cu (in the Mn-oxide fraction) and 85-89% Mo (in the Fe-oxyhydroxides fraction) have been used to compare the recovery rates obtained applying the hydrometallurgical method.
Results
Fe-Mn Crusts Structure
The thickness of the Fe-Mn crusts studied in this work range from less than 1 to 14 cm. The surface morphology of studied crusts vary from botryoidal shape (DR02-10 and DR07-9) forming sub-spherical botryoids (1-4 cm diameter) to planar-subparallel laminations covering substrate rocks (DR16-14 and 107-11H). The crusts present an accumulation of thin laminae represented by continuous accretion of Fe-Mn minerals with thickness in some laminae down than one micron. The union of packages of laminae with the same characteristics forms sublayers and layers. In Fe-Mn crusts studied from CISP, three to four main layers can be discriminated. The main layers could be differentiated by drastic changes in crust color, from black to dark brown or reddish brown, textural changes, i.e., from dendritic/mottled to subparallel, density of the lamination and changes in porosity of the crusts ( ( Figure 3B ). On the other hand, crust DR16-14 shows a columnar to dense parallel lamination, with very low growth rate ( Figure 3C ,D) as already seen in [21] . Finally, crust 107-11H is formed by a core of volcanic breccia in which it is possible to identify several ghosts of previous minerals (feldspar and magnetite) and the presence of a pervasive oxidation of the substrate with abundant goethite and disseminated CFA. Covering this substrate, there is a thin Fe-Mn crust with the presence of bright laminae in the rock-crust contact but also through the lamination ( Figure 3E ,F). Crust DR02-10 shows dark brown to reddish brown color generally matte ( Figure 2 and Table 1 ) and an average thickness of 38 mm in which it is possible to identify almost three main layers (1-1.5 cm thickness) visible by changes in crust color and density of the lamination. Crust DR07-9 has an average thickness of 90 mm. with a black to brownish color, forming four main layers (1-2 cm thickness). Crust DR16-14 is the thicker crust of the studied in this work with an average of 140 mm. This crust shows a black color, sometimes with a metallic luster, which change to dark brown at its base. Four (2-5 cm thickness) main layers could be differentiated by changes in density lamination and porosity in the upper part and by color changes near the substrate rock. Finally, crust 107-11H shows a very thin layer (less than 5 mm) with a subparallel lamination ( Figure 2 and Table 1 ).
Substrate rock of crust DR02-10 is represented by hard consolidated, white-pinkish, phosphatized carbonate rock (Figure 2A ). Crust DR07-9 forms upon a semi-consolidated limestone, with a beige color, in which it is possible to identify the presence of Fe-Mn minerals growing in cavities of the rock. ( Figure 2B ). Sample DR16-14 is covering a volcanic breccia with carbonate cement and phosphatization, with a pinkish color ( Figure 2C ). The substrate of the crust 107-11H is formed mainly by intensively altered volcanic breccia with an orange/brown color, in which it is possible to identify several altered clasts in an oxide matrix ( Figure 2D ).
Mineralogy
Petrography, XRD and Micro-XRD
Under the petrographic microscope with reflected light, CISP Fe-Mn crusts are grey colored with low to imperceptible pleocroism; in crossed nicols, they are isotropic. Fe-Mn oxyhydroxides form sub-parallel laminae of less than a micron thickness. Within the crusts, it is possible to identify some detrital and accessory minerals, usually represented by wind-transported quartz and feldspar, calcite and bioclasts formed by coccoliths and foraminifera tests, as was already observed in previous studies [21, 34] ( Figure 3D ). The Fe-Mn oxyhydroxides accretion is usually botryoidal (DR02-10) and sometimes form dendritic to mottled or dense-subparallel textures (DR07-9 and DR16-14) ( Figure 3A -D). In crusts DR02-10 and DR07-9, some bright laminae concordant growth structures were identified occupying an area with predominance of dendritic growth structures ( Figure 3A ,B) and abundant detrital minerals (quartz and feldspars). The bright laminae show fibrous internal texture ( Figure 3B ). On the other hand, crust DR16-14 shows a columnar to dense parallel lamination, with very low growth rate ( Figure 3C ,D) as already seen in [21] . Finally, crust 107-11H is formed by a core of volcanic breccia in which it is possible to identify several ghosts of previous minerals (feldspar and magnetite) and the presence of a pervasive oxidation of the substrate with abundant goethite and disseminated CFA. Covering this substrate, there is a thin Fe-Mn crust with the presence of bright laminae in the rock-crust contact but also through the lamination ( Figure 3E ,F).
XRD analyses on bulk samples show their low crystallinity, low counts and un-defined reflections of these ferromanganese mineralizations. Detected minerals are predominantly represented by Mn-oxides and Fe-oxyhydroxides with low contents of detrital minerals. Fe-vernadite (hereafter vernadite) is the most abundant Mn-oxide phase (up to 90%) followed by birnessite (7 Å phyllomanganates). Vernadite is clearly recognized in the broad reflections at 2.45 and 1.42 Å that occur in all samples but 107-11H, in which it is impossible to recognize it due to the reflection of better crystallized minerals ( Figure 4 ). Birnessite usually overlaps vernadite in the same range reflections. Some samples show the presence of small amounts of buserite and asbolane which are intergrown with each other. Asbolane and buserite, but also todorokite, have typical reflections around 9-10 Å and can be seen in crusts DR02-10 and DR07-9 ( Figure 4A ,B). Fe-oxyhydroxides are represented essentially by goethite group minerals, represented by goethite, lepidocrocite and feroxyhyte, all stable polymorphs of the iron oxyhydroxide FeO(OH). Detrital minerals are represented by quartz (Qtz), feldspar (Fds) and calcite (Cal) recognized in crusts DR02-10 and DR07-9 ( Figure 4A,B ). Crust 107-11H only shows the presence of goethite, hematite, magnetite/ilmenite and carbonate fluor-apatite (CFA) with quartz, smectite and feldspars. Mn-oxides in this sample are very scarce ( Figure 4D , Table 2 ).
XRD profiles made on cross-sections show variations in mineralogy through the sequences of precipitation for each ferromanganese deposit, from sub-actual laminae on top (rich in detrital and 10Å Mn-oxides, i.e., DR07-9 or calcite, i.e., DR02-10 and DR16-14) to ancient layers at the base (richest in vernadite, i.e., DR16-14) as is detailed below. Crust DR02-10 shows the formation of a broad reflection in the range from 6 to 4 Å due to the epoxy resin. This lump is higher in the upper part of the sample due to higher porosity ( Figure 5A ). In the upper part of the crust, the presence of calcite is recognized. In crust DR07-9 detrital minerals, quartz and feldspar are distributed throughout the whole sample. essentially by goethite group minerals, represented by goethite, lepidocrocite and feroxyhyte, all stable polymorphs of the iron oxyhydroxide FeO(OH). Detrital minerals are represented by quartz (Qtz), feldspar (Fds) and calcite (Cal) recognized in crusts DR02-10 and DR07-9 ( Figure 4A ,B). Crust 107-11H only shows the presence of goethite, hematite, magnetite/ilmenite and carbonate fluorapatite (CFA) with quartz, smectite and feldspars. Mn-oxides in this sample are very scarce ( Figure  4D , Table 2 ). XRD profiles made on cross-sections show variations in mineralogy through the sequences of precipitation for each ferromanganese deposit, from sub-actual laminae on top (rich in detrital and Reflections of quartz and feldspars are better defined in the surface layers, meaning a major detrital input during the growth of the last 6-7 mm ( Figure 6C ,D Sections 2-3, 2-5, 3-3, 3-5).
In the same area and clearly related to the bright laminae of the crust section around 4.5 mm and 6 mm depth ( Figure 6A ), small reflections at 9.8 and 4.5 Å can be identified, which are characteristically for Mn-oxides such as 10 Å phyllomanganates ( Figure 6B ,C; Sections 1-3, 1-5 and 2-3, 2-5).
Cross XRD section on crust DR16-14 also shows the same lump due to the epoxy resin in the middle part of the crust and a low amount of detrital minerals. The micro-XRD profile shows the presence of the reflection belonging to calcite grains in the inter-columnar region or the presence of detrital particles and bioclasts (foraminifera and coccoliths) that have also been detected under the petrographic microscope in the middle part of the cross section ( Figure 5C 10Å Mn-oxides, i.e., DR07-9 or calcite, i.e., DR02-10 and DR16-14) to ancient layers at the base (richest in vernadite, i.e., DR16-14) as is detailed below.
Crust DR02-10 shows the formation of a broad reflection in the range from 6 to 4 Å due to the epoxy resin. This lump is higher in the upper part of the sample due to higher porosity ( Figure 5A ). In the upper part of the crust, the presence of calcite is recognized. In crust DR07-9 detrital minerals, quartz and feldspar are distributed throughout the whole sample. Reflections of quartz and feldspars are better defined in the surface layers, meaning a major detrital input during the growth of the last 6-7 mm ( Figure 6C ,D Sections 2-3, 2-5, 3-3, 3-5).
Cross XRD section on crust DR16-14 also shows the same lump due to the epoxy resin in the middle part of the crust and a low amount of detrital minerals. The micro-XRD profile shows the presence of the reflection belonging to calcite grains in the inter-columnar region or the presence of detrital particles and bioclasts (foraminifera and coccoliths) that have also been detected under the petrographic microscope in the middle part of the cross section ( Figure 5C 
Raman and FT-IR Spot Analysis
The Raman spectra for the studied Fe-Mn crust are shown in Figure 6 . The obtained intensity are variable due to the multiple acquisition procedure. Mn-oxides usually show three main band frequencies shift regions that can be recognized at 200-450, 450-600 and 600-750 cm −1 [52, 54, 56, 58, 70, 71] .
Micro-Raman high-resolution analysis made on selected laminae of studied crusts report the layer-by-layer mineralogy of the studied crusts. In sample DR02-10, the general Fe-Mn minerals and the bright laminae have been analyzed in order to see if it is possible to differentiate the mineralogy of the selected laminae. Both laminae show two main spectra evidenced by peaks located at 300, 350 and 640 cm −1 -in one of them, todorokite, and at 480, 500, 610 and 660 cm −1 in the other, vernadite and birnessite ( Figure 7A,B ).
The Raman spectra for the studied Fe-Mn crust are shown in Figure 6 . The obtained intensity are variable due to the multiple acquisition procedure. Mn-oxides usually show three main band frequencies shift regions that can be recognized at 200-450, 450-600 and 600-750 cm −1 [52, 54, 56, 58, 70, 71] . Micro-Raman high-resolution analysis made on selected laminae of studied crusts report the layer-by-layer mineralogy of the studied crusts. In sample DR02-10, the general Fe-Mn minerals and the bright laminae have been analyzed in order to see if it is possible to differentiate the mineralogy of the selected laminae. Both laminae show two main spectra evidenced by peaks located at 300, 350 and 640 cm −1 -in one of them, todorokite, and at 480, 500, 610 and 660 cm −1 in the other, vernadite and birnessite ( Figure 7A,B) .
Crust DR07-9 also present two main types of vibrational spectra. The first spectra show small peaks at 300, 350, and 480 cm −1 and high peaks at 540, 612 and 660 cm −1 ( Figure 7C ). Other recognizable peaks sometimes forming shoulders are located at 480, 577, 604, 660 and 677 cm −1 ( Figure 7D ). These peaks belong to mineral associations of vernadite-birnessite and vernadite, birnessite and asbolane [52] [53] [54] .
Finally, crust DR16-14 always shows peaks at 480, 550, 612 and 660 cm −1 belonging to vernadite, and birnessite that, in some laminae, are accompanied by small peaks at 300 350 and 400 cm −1 , belonging to goethite ( Figure 7E ,F).
FT-IR analysis reflects in the studied range the vibrational energy of the different atomic bonds that can be found in Fe-Mn crusts. Spot analysis show that all the crusts display a broad absorbance band in the range of 3000 and 3500 cm −1 and 1650 cm −1 that belong to the symmetrical stretching and bending OH vibrational energy. Other common peaks can be found at range 1480-1580 cm −1 belonging to O-H and inorganic C-O absorption bands, and finally 1010-1070 cm −1 peaks belonging to Mn(III)-OH vibrational absorption bands ( Figure 8A ). Crust DR07-9 also present two main types of vibrational spectra. The first spectra show small peaks at 300, 350, and 480 cm −1 and high peaks at 540, 612 and 660 cm −1 ( Figure 7C ). Other recognizable peaks sometimes forming shoulders are located at 480, 577, 604, 660 and 677 cm −1 ( Figure 7D ). These peaks belong to mineral associations of vernadite-birnessite and vernadite, birnessite and asbolane [52] [53] [54] .
FT-IR analysis reflects in the studied range the vibrational energy of the different atomic bonds that can be found in Fe-Mn crusts. Spot analysis show that all the crusts display a broad absorbance band in the range of 3000 and 3500 cm −1 and 1650 cm −1 that belong to the symmetrical stretching and bending OH vibrational energy. Other common peaks can be found at range 1480-1580 cm −1 belonging to O-H and inorganic C-O absorption bands, and finally 1010-1070 cm −1 peaks belonging to Mn(III)-OH vibrational absorption bands ( Figure 8A ).
Peaks found around 2900 cm −1 are typical of organic compounds but in this study are related to the presence of the epoxy resin of the polished sections while the peak (or the vacancy) at~2350 and 1560 cm −1 is a combination of the bands due to the stretching and bending vibrations due to the H-O-H and depends on the presence of water in the oxy-hydroxide minerals structure ( Figure 8A ). The peak at 1400 cm −1 due to the C-O vibrational band is also present in almost every analysis.
Some peaks are not very clear in all the samples or are better identified in some laminae than in others. This is the case of a very high peak found in sample DR02-10 at 1407 cm −1 that together with the related peaks at 1796 and 872 cm −1 is representative of calcite vibrations ( Figure 8A ). Other peaks that vary their intensity in different laminae in DR07-9 are found at 760, buserite/asbolane, and 680 cm −1 , vernadite, which are linked to the different Mn-oxide minerals analyzed ( Figure 8B ). Peaks found around 2900 cm −1 are typical of organic compounds but in this study are related to the presence of the epoxy resin of the polished sections while the peak (or the vacancy) at ~2350 and 1560 cm −1 is a combination of the bands due to the stretching and bending vibrations due to the H-O-H and depends on the presence of water in the oxy-hydroxide minerals structure ( Figure 8A ). The peak at 1400 cm −1 due to the C-O vibrational band is also present in almost every analysis.
Some peaks are not very clear in all the samples or are better identified in some laminae than in others. This is the case of a very high peak found in sample DR02-10 at 1407 cm −1 that together with the related peaks at 1796 and 872 cm −1 is representative of calcite vibrations ( Figure 8A ). Other peaks that vary their intensity in different laminae in DR07-9 are found at 760, buserite/asbolane, and 680 cm −1 , vernadite, which are linked to the different Mn-oxide minerals analyzed ( Figure 8B ).
The FT-IR peak list also confirms the presence of todorokite in recognized peaks at ~750, 1050 and 1650 cm −1 ( Figure 8C ) [59, 72, 73] . FT-IR analysis of crust DR07-9 shows the presence of peaks at 650 and 770 and 1100 cm −1 ( Figure 8D ), which indicate buserite and asbolane, respectively [59] . On the other hand, crusts DR16-14 and 107-11H show Mn minerals represented by vernadite peaks at 820, 950 and 1010 cm −1 and birnessite 680 cm −1 in FT-IR analysis [59] ( Figure 8A ). The FT-IR peak list also confirms the presence of todorokite in recognized peaks at~750, 1050 and 1650 cm −1 ( Figure 8C ) [59, 72, 73] . FT-IR analysis of crust DR07-9 shows the presence of peaks at 650 and 770 and 1100 cm −1 ( Figure 8D ), which indicate buserite and asbolane, respectively [59] . On the other hand, crusts DR16-14 and 107-11H show Mn minerals represented by vernadite peaks at 820, 950 and 1010 cm −1 and birnessite 680 cm −1 in FT-IR analysis [59] ( Figure 8A ).
Geochemistry
Bulk Geochemistry
Geochemistry
Bulk Geochemistry
Bulk crusts composition is summarized in (Table 3) . Strategic and critical elements are generally enriched in crusts, with high bulk contents of Co (4355 to 8347 µg/g), Ni (2481 to 4430 µg/g), V (878 to 1266 µg/g), Cu (463 to 1016 µg/g) and Mo (381 to 648 µg/g). Co, Ni and Cu are the metals traditionally considered of greatest economic potential in Fe-Mn crusts and their Co+Ni+Cu average content is 8700 µg/g. Crust DR07-9 shows enrichment in Ni and Cu, respectively, up to 4430 and 1016 µg/g. On the other hand, crust DR16-14 shows high contents of Co (8347 µg/g) and Ce (2230 µg/g) but also V (1266 µg/g), Mo (648 µg/g), Ba (1998 µg/g) and Pb (1868 µg/g). Finally, crust 107-11H shows low contents in all these elements compared with the other three (Table 3) .
Rare earth elements (REEs) plus Yttrium (REY) are also abundant in the studied Fe-Mn crusts. Results of normalizing crusts to PAAS (Post-Archean Australian Shales) are shown in Figure 9A . The bulk result of crusts DR02-10, DR07-9 and DR16-14 exhibit a similar pattern with positive Ce anomalies (2.5, 2.6 and 2.5, respectively) and negative Y anomalies (0.60, 0.62 and 0.49, respectively). This is reflected also in the REY plot of the bulk data of the studied crusts that show similar strong positive Ce anomalies compared to PAAS ( Figure 9A ). The crust recovered on the Tropic Sm. (DR16- 14) shows the highest content in REY (3700 µg/g). The crusts DR02-10 and DR07-9 recovered on Echo and The Paps Sms., on the other hand, show low REY contents (3000 and 2300 µg/g respectively).
Crust DR02-10 also shows a similar Y anomaly with sample DR07-9 (0.6 and 0.62, respectively) but slightly high compared to DR16-14 (0.48), also evidenced in the PAAS normalized spider diagram ( Figure 9A ). Sample 107-11H recovered on Tropic Sm. has the lowest REY contents (Σ450 µg/g), slightly positive Ce anomaly (1.3) and a clear positive Y anomaly normalized to PAAS ( Figure 9A ). Bulk data have also been used to plot the result of the ratio Ce SN /Ce SN * (SN = shale normalized) compared first with Nd (µg/g) and then with Y SN /Ho SN ratio according to [3] . The genetic interpretation of these results will be discussed below. Strategic and critical elements are generally enriched in crusts, with high bulk contents of Co (4355 to 8347 μg/g), Ni (2481 to 4430 μg/g), V (878 to 1266 μg/g), Cu (463 to 1016 μg/g) and Mo (381 to 648 μg/g). Co, Ni and Cu are the metals traditionally considered of greatest economic potential in Fe-Mn crusts and their Co+Ni+Cu average content is 8700 μg/g. Crust DR07-9 shows enrichment in Ni and Cu, respectively, up to 4430 and 1016 μg/g. On the other hand, crust DR16-14 shows high contents of Co (8347 μg/g) and Ce (2230 μg/g) but also V (1266 μg/g), Mo (648 μg/g), Ba (1998 μg/g) and Pb (1868 μg/g). Finally, crust 107-11H shows low contents in all these elements compared with the other three ( Table 3) .
Rare earth elements (REEs) plus Yttrium (REY) are also abundant in the studied Fe-Mn crusts. Results of normalizing crusts to PAAS (Post-Archean Australian Shales) are shown in Figure 9A . The bulk result of crusts DR02-10, DR07-9 and DR16-14 exhibit a similar pattern with positive Ce anomalies (2.5, 2.6 and 2.5, respectively) and negative Y anomalies (0.60, 0.62 and 0.49, respectively). This is reflected also in the REY plot of the bulk data of the studied crusts that show similar strong positive Ce anomalies compared to PAAS ( Figure 9A ). The crust recovered on the Tropic Sm. (DR16-14) shows the highest content in REY (3700 μg/g). The crusts DR02-10 and DR07-9 recovered on Echo and The Paps Sms., on the other hand, show low REY contents (3000 and 2300 μg/g respectively).
Crust DR02-10 also shows a similar Y anomaly with sample DR07-9 (0.6 and 0.62, respectively) but slightly high compared to DR16-14 (0.48), also evidenced in the PAAS normalized spider diagram ( Figure 9A ). Sample 107-11H recovered on Tropic Sm. has the lowest REY contents (Ʃ450 μg/g), slightly positive Ce anomaly (1.3) and a clear positive Y anomaly normalized to PAAS ( Figure 9A ). Bulk data have also been used to plot the result of the ratio CeSN/CeSN* (SN = shale normalized) compared first with Nd (μg/g) and then with YSN/HoSN ratio according to [3] . The genetic interpretation of these results will be discussed below. [3] to differentiate genetic processes for bulk (stars) and spot analyses.
Electron Probe Micro Analysis
Obtained EPMA backscatter images show that Fe-Mn crusts are generally composed by thin laminations down to one micron thickness packed together in almost three main structures forming layers of variable thickness ranging between 1 and 5 cm: dendritic-mottled, columnar and dense subparallel. More than 900 spot and layer-by-layer analyses were made on selected crusts. The average element contents have been summarized in Table 4 . EPMA analysis shows some differences with the bulk composition. Fe contents of the three thicker crusts vary in almost the same range (average of 22 ± 3 wt. %), but Mn is slightly higher (average 21 ± 4 wt. %). Other major elements as Si, Al and P show lower contents (average 2 ± 0.1, 1 ± 0.4 and 0.2 ± 0.01 wt. %, respectively). These differences are interpreted as related to the substrate and detrital fragments' input in bulk analysis that dilute the Fe and Mn oxides' concentration targeted here by EPMA. Crust DR07-9 shows a dendritic/mottled to columnar structure growth with several erosive discontinuities ( Figure 10B,C) . Usually, these discontinuities are crowned by the presence of bright laminae evidenced in backscattered images ( Figure 9A Figure 10C ). Several erosive discontinuities have been recognized in this area cutting sometimes the fibrous growth. In the same area, it is also possible to identify some laminae with lower brightness and low or no fibrous growth in them ( Figure 10C ). These laminae show less content Mn (36 wt. %) and slightly high Fe (5.5 wt. %). They also show similar Ni contents (up to 4 wt. %) but less Cu (0.6 wt. % in average); in contrast with the fibrous laminae, these ones also have higher Co (up to 4500 µg/g), Mo (190 µg/g) and Ce (580 µg/g). Figure  6 .
Crust DR16-14 shows mostly columnar to dense sub-parallel structural growth. In general, this crust shows in the EPMA analysis higher contents of Fe (23 wt. %), Mn (21 wt. %) and essentially Co (up to 1 wt. %); nevertheless, Ni, (3000 μg/g), Ba (2000 μg/g), Mo (570 μg/g), Ce (2600 μg/g) and V (1400 μg/g) contents are similar to the ones obtained on the low reflectivity laminae of crust DR07-9 ( Figure 10D ). In this crust, it is also possible to identify some local discontinuities, but they are less abundant, and they never are associated with the presence of high reflectivity fibrous laminae ( Figure  10A ,C). On top part of DR16-14, a slightly bright lamina have been found concordant with the growth structure enriched in Fe, Ti and V (up to 49 and 0.9 wt. % and 2500 μg/g, respectively) and depleted in Mn (max 2 wt. %) with respect to the rest of the laminae, trace elements Co, Ni, Mo, Ba and Ce (470, 350, 60, 900 and 390 μg/g, respectively) are also depleted in these laminae.
In crust DR02-10, the presence of two different type of bright laminae has been recognized with differences in their textural features and chemistry. One of them is similar to the one recognized in Crust DR16-14 shows mostly columnar to dense sub-parallel structural growth. In general, this crust shows in the EPMA analysis higher contents of Fe (23 wt. %), Mn (21 wt. %) and essentially Co (up to 1 wt. %); nevertheless, Ni, (3000 µg/g), Ba (2000 µg/g), Mo (570 µg/g), Ce (2600 µg/g) and V (1400 µg/g) contents are similar to the ones obtained on the low reflectivity laminae of crust DR07-9 ( Figure 10D ). In this crust, it is also possible to identify some local discontinuities, but they are less abundant, and they never are associated with the presence of high reflectivity fibrous laminae ( Figure 10A ,C). On top part of DR16-14, a slightly bright lamina have been found concordant with the growth structure enriched in Fe, Ti and V (up to 49 and 0.9 wt. % and 2500 µg/g, respectively) and depleted in Mn (max 2 wt. %) with respect to the rest of the laminae, trace elements Co, Ni, Mo, Ba and Ce (470, 350, 60, 900 and 390 µg/g, respectively) are also depleted in these laminae.
In crust DR02-10, the presence of two different type of bright laminae has been recognized with differences in their textural features and chemistry. One of them is similar to the one recognized in Figure 10A ). These laminae also show depleted contents of all the other trace elements such as Co, V, Ba, Mo and Ce (260, 140, 180, 330 and 104 µg/g mean content, respectively) with respect the low reflectivity laminae.
The substrate of the crust 107-11H is formed by a pervasively altered volcanic breccia in which it is possible identify several feldspar crystals and ghosts with corrosion and growth of a rim of new formed minerals (goethite and CFA) ( Figure 11A ). It is essentially composed of quartz, feldspars, Fe oxides like goethite, magnetite and ilmenite and authigenic CFA, too. This substrate shows high Fe (up to 58 wt. %), Ca (up to 29 wt. %), Ti (up to 6 wt. %) and P (up to 3 wt. %). In the first mm in contact with the altered substrate, it is possible to identify a lamination formed essentially by Fe-oxyhydroxides (goethite group) ( Figure 11B ,C; Table 5 ). The outer Fe-Mn oxides crust show Fe-vernadite with high contents of Fe and Mn (average 28 and 17 wt. %) and also high Co, Ni, V and Ce (respectively up to 0.6, 0.3, 0.1 and 0.2) ( Table 4 ). Through the crust lamination, it is possible to recognize a lamina, identified as continuous in all the thin section, similar to the Fe enriched lamina found in DR16-14 ( Figure 11D ). The substrate of the crust 107-11H is formed by a pervasively altered volcanic breccia in which it is possible identify several feldspar crystals and ghosts with corrosion and growth of a rim of new formed minerals (goethite and CFA) ( Figure 11A ). It is essentially composed of quartz, feldspars, Fe oxides like goethite, magnetite and ilmenite and authigenic CFA, too. This substrate shows high Fe (up to 58 wt. %), Ca (up to 29 wt. %), Ti (up to 6 wt. %) and P (up to 3 wt. %). In the first mm in contact with the altered substrate, it is possible to identify a lamination formed essentially by Feoxyhydroxides (goethite group) ( Figure 11B ,C; Table 5 ). The outer Fe-Mn oxides crust show Fevernadite with high contents of Fe and Mn (average 28 and 17 wt. %) and also high Co, Ni, V and Ce (respectively up to 0.6, 0.3, 0.1 and 0.2) ( Table 4 ). Through the crust lamination, it is possible to recognize a lamina, identified as continuous in all the thin section, similar to the Fe enriched lamina found in DR16-14 ( Figure 11D ). 
LA-ICP-MS Punctual Analysis
CISP Fe-Mn crusts have been analyzed by LA-ICP-MS to obtain element concentrations of selected laminae following the results of the EPMA image and spot analysis. LA-ICP-MS has been used to analyze the four types of laminae previously identified with EPMA: low reflectivity laminae with sub-parallel growth; high reflectivity laminae with fibrous texture; high reflectivity laminae with low or no fibrous texture; and medium reflectivity laminae enriched in Fe. The laminae with low reflectivity, which forms the whole crust DR16-14 and most of the crusts DR02-10, DR07-9 as well as the Fe-Mn crust of a sample of 107-11H, analyzed by LA-ICP-MS in all the samples, are characterized by high and similar contents of Fe and Mn in accordance with the values obtained by microprobe. In these laminae, Co reaches contents of up to 1.5 wt. % and an average of 0.9 ± 0.4 wt. % with less contents of Ni (up to wt. 0.5% and average of 0.3 ± 0.1 wt. %) and Cu (up to 1300 µg/g and average of 1000±600 µg/g). Other important trace elements enriched in these laminae are Mo, Nb and Te (average 600 ± 144, 127 ± 65 and 93 ± 45 µg/g, respectively) ( Table 5 ). The plot of these Fe-Mn laminae in the REY/PAAS-normalized graphic show patterns falling in the blue field with Ce positive and Y negative anomalies ( Figure 8A ).
Some high reflectivity laminae with fibrous crystals have been found in crusts DR02-10 and DR07-9. These laminae can be divided in two types, Ni-rich and Ca-rich. Ni-reach laminae (up to 6.5 wt. %) have been found in both crusts ( Figure 10A ,C); they also show higher Mn (up to 40 wt. %) and Cu (up to 2 wt. %) contents than the rest of the laminae with less reflectivity. Other elements are also enriched in bright laminae compared to the less reflectivity types: Li (average 200 µg/g and up to 400 µg/g), Zn (average 2000 µg/g). On the other hand, Ni-rich laminae are characterized by low contents of Co (average 0.3 wt. %), very low contents in all REY (average 400 µg/g) but also less Te, Nb and Pb (8, 10 and 540 µg/g, respectively) ( Table 5) .
Ca-rich laminae ( Figure 10A) show high Mn (up to 35 wt. %) and Ca (up to 12 wt. %), are also enriched in Ni (up to 1.4 wt. %), Li (700 µg/g) and slightly in Zn (1000 µg/g) but not in Cu (0.2 wt. %) compared with the Ni-rich laminae. Elements with less contents are Fe (0.5 %), Co (245 µg/g), REY (100 µg/g) but also Te, Nb and Pb (respectively down the detection limit, 8 and 100 µg/g) ( Table 5 ). REY patterns of these two types of laminae show a similar behavior with a negative Ce and Y REY/PAAS anomalies falling in the red field of the graphic ( Figure 9A ).
Finally, Fe-rich laminae found in samples DR07-9, DR16-14 and 107-11H have very high Fe (up to 40 wt. %), with low Mn (5 wt. %) and are also slightly enriched in REY (2600 µg/g). They are plotted in an intermediate field in the PAAS-normalized REY diagram ( Figure 10A , yellow field).
The analysis of secondary formed minerals and first laminae in contact with the substrate of crust 107-11H (i.e., goethite; Figure 11B ,C) shows a REY pattern with a marked Ce negative anomaly and a different LREE/HREE ratio compared to the other studied laminae, showing a relative HREE enrichment in these laminae comparing with the other subset, with a Y positive anomaly ( Figure 9A , purple field) and very low contents of all the REY. Genetic interpretation of these laminae will be discussed below. The spot analysis obtained with LA-ICP-MS has also been plotted in the diagrams from [3] .
LA-ICP-MS spot analyses have also been used to calculate Ce, Eu and Y anomalies on studied laminae (Table S4 ). Results show high Ce anomaly in low reflectivity laminae (average from 2.5 to 4.4 in the four crusts) with less Eu (around 1 in average) and Y anomaly (around 0.6 in average). Bright laminae, on the other hand, show less Ce anomaly (0.6 and 1, respectively, in crusts DR02-10 and DR07-9) compared with the previous ones, although Eu and Y anomalies are almost the same (1 and 0.7 in average, respectively). Fe-rich laminae seem to have a behavior similar to the low reflectivity laminae with high Ce and low Eu and Y (in average respectively 3.2, 1 and 0.7). Finally, laminae in contact with the altered substrate of 107-11H reflect also high Ce anomaly (1.7 and 4) with the same Eu anomaly (1 in average) but slightly high Y (0.9 in average) (Table S4 ).
Hydrometallurgical Treatment
One hydrometallurgical method has been used in order to quantify the recovery rate of the economically interesting elements of studied crusts. Fe-rich laminae (as found in crust 107-11H) analyzed here show low contents of all the valuable metals (Table 5 ) and have been not considered for this metallurgical experiment. In addition, the difficulty to separate by physical methods enough quantity of these laminae (less than 20 µm each) from the whole crust made the experimentation with this genetic type impossible. Crusts DR02-10, DR07-9 and DR16-14 have been digested in a solution of HCl (2.75 mol/L) with the addition of 18.5 ml of ethanol in order to maintain reduced conditions in the solution and an initial pH 1.5. The result of this hydrometallurgical method is shown in Table 6 . The bulk contents of studied crusts are presented in comparison with the analysis of the solution after digestion to obtain the recovery rate. The error of the analytical method is calculated around 10% (Table S1 ), which explains a recovery rate higher than 100% obtained in the samples and marked in bold for Co or too low for Mo. Obtained recovery rates show high values for Mn (between 75 and 81%) than for Fe (49 to 58%). The recovery rate of the valuable trace metals studied is also high for Co (between 63 to 108%), Ni (53 to 85%), Cu (50 to 74%) and V (58 to 85%). Mixed diagenetic/hydrogenetic crust DR07-9 has a lower recovery rate for Mn (75%) and Ni (52%). The other more hydrogenetic or purely hydrogenetic crusts DR02-10 and DR16-14 show a high recovery rate both for Mn (81%) and Ni (85 and 70%). On the other hand, purely hydrogenetic crust DR16-14 has the lower recovery rate for Co (63%). Finally, Mo shows the lowest recovery rate registered, between 26 to 63%, in all of the studied crusts. Usually, REY values are measured by the ICP-MS technique, but, in this case, the matrix effect produced by the hydrochloric solution made the study of all of them impossible. Due to the limitation of the ICP-AES, the studied REY are Y, La and Ce that represent almost 80% of the total REY in analyzed crusts and their behavior can be extended to all the REEs. Y, La and Ce also show a high recovery rate ranging between 70 to 89%. The XRD analysis on the solid residues shows the presence of essentially quartz, feldspars, and goethite group minerals (goethite and feroxyhyte) and less buserite/asbolane and todorokite (only in crusts DR02-10 and DR07-9, and only goethite group minerals in crust DR16-14 ( Figure S1 ).
Discussion
Fe-Mn crusts from the CISP were studied to distinguish and evaluate different structural-textural characteristics, mineralogical and geochemical composition and proposing and testing a potential beneficiation method for critical metals. The petrographic, mineralogical and geochemical high-resolution analyses have been useful to differentiate and propose hydrogenetic, diagenetic and hydrothermal processes involved in the growth of the studied crusts. The discussion of high resolution analysis was used here to identify the different low crystalline minerals forming the crusts. Spot EPMA and LA-ICP-MS show the enrichment of critical-element bearing minerals depending on the genetic processes acting during their growth. Finally, we explore a hydrometallurgical method, indicating that the recovery rate of valuable metals is related to the mineralogy of the crusts and consistently to the genetic process.
Bulk Analysis vs. High-Resolution Analysis
The results of bulk analysis present several important differences in element concentration of the studied crusts. Petrographic, mineralogical and geochemical bulk analysis of studied Fe-Mn crusts from CISP reveals that they are predominantly formed by a hydrogenetic process. The presence of high contents of low crystalline and intergrown minerals like vernadite (up to 90%) and goethite group minerals (unstable ferrihydrite, goethite and feroxyhyte) is consistent with the optical studies in which their small crystal size due to the particulate precipitation made it impossible to differentiate them. In addition, the predominant columnar to dense parallel structure in all samples reveals a slow growth consistent with the predominance of this hydrogenetic origin for all studied crusts and with the results obtained by other authors [1, 15, 18, 20, 23, 75, 76] . In some samples, it is possible to distinguish areas with more dendritic to mottled structure bound to high detrital input and in some crusts the presence in bulk XRD of~10 Å reflection that usually indicates diagenetic Mn-oxides as todorokite, buserite or asbolane ( Figure 4A,B) [22, 30, 47] . However, it is generally difficult to recognize and identify these other Mn-oxides in bulk XRD due to their low crystallinity and their intergrowth with each other, but also due to the presence of detrital minerals that may mask Mn-oxides with their better defined reflections ( Figure 4A,B) .
Diagenetic 10 Å Mn-oxides have been identified forming bright and thin laminae in crusts DR02-10 and DR07-9; their reflections are visible in the bulk analysis as already seen in other samples on this seamount [21] , but their low concentration compared with the bulk of the crusts made the analysis of their study with XRD very difficult. In this way, micro-XRD, Raman and FT-IR analysis have proven useful in order to identify the different Mn-oxides of the studied CISP crusts [52] [53] [54] 56, 58, 59] . Micro-XRD profile analyses through the studied crusts show that the mineralogy varies from the top up to the 24 mm, both due to the presence of different detrital minerals as due to the influence of genetic processes. Crust DR07-9 shows the presence of~10Å Mn-oxides in the upper part ( Figure 5B ) where they are clearly bound to detrital minerals and diagenetic processes ( Figure 6C ,D Sections 1-3, 1-5 and 2-3, 2-5). On the other hand, in the middle part of the crust, the hydrogenetic minerals like vernadite (δ-MnO 2 ) are dominant, showing reflections better defined and with higher intensity (Figure 6F,G) . Studied crusts show four types of laminae, the first one with uniform growth and low reflectivity comprehend the whole crust DR16-14 and up to 90 vol. % of the crusts DR02-10 and DR07-9. The remnant 10 vol. % of these crusts is formed by bright fibrous laminae sometimes enriched in Ca (DR02-10, Table 5 ) that can be differentiated in well and poorly crystalized. Finally, a fourth type is represented by less bright laminae enriched in Fe found essentially on the top of DR16-14 and through 107-11H.
The study of the low reflectivity laminae in all the crusts reveal the presence of essentially hydrogenetic vernadite, whose characteristic peak can be recognized at 612 cm −1 (Figure 7B,C,E,F) . The other mineral that could be recognized is diagenetic birnessite that overlaps with vernadite forming a shoulder, sometimes well developed ( Figure 7C ) at 670 cm −1 [52, [54] [55] [56] 58] . FT-IR on the same type of laminae results in an absorbance band typical of oxyhydroxides characterized by a big absorption band due to the presence of water in the structure ( Figure 8A ), but also by the band of typical Mn-oxides in the range between 1000 and 650 cm −1 belonging to vernadite and birnessite ( Figure 8A,E) . This result is consistent with obtained data of bulk XRD ( Figure 4A-C) in which vernadite and birnessite have been recognized.
In sample DR02-10, Raman analyses on these bright laminae reveal the presence of the todorokite characteristic stretching (bending) peak at 650 cm −1 (Figure 7A ) [52] [53] [54] 56] . FT-IR analyses also confirm a diagenetic todorokite together with a high Ca ( Figure 8B,C) [59, 72, 73] . Raman analyses made on the bright laminae found in crust DR07-9 show on the other hand several peaks ( Figure 7D ), belonging to three different minerals: vernadite, birnessite (buserite) and asbolane [52] [53] [54] . Asbolane and buserite presence, mostly overlapping, in the same laminae was also confirmed by their FT-IR peaks ( Figure 7D) [59] .
Discriminating a ternary diagram from [27] and modified according to [6] and [33] has been used to classify the mineralization. The bulk chemical composition and discrimination plots clearly show a hydrogenetic origin of three of these crusts ( Figure 12A ). The Fe-Mn crusts plot in the hydrogenetic field on the Mn-Fe-(Co + Ni + Cu) x10 ternary diagram. Mn/Fe ratios close to 1 [6, 77] , high REY contents, positive Ce anomalies, negative Y anomalies ( Figure 9A ) and moderate to high Co, Te, V, and Tl contents are all characteristic of hydrogenesis. In contrast, the crust 107-11H plots at the almost pure Fe-rich hydrotermal end-member on the Mn-Fe-(Co + Ni + Cu) ×10 ternary diagram ( Figure 12A ). This crust shows very low trace metal contents, low positive Ce anomaly and positive Y anomaly ( Figure 9A ), all characteristic of hydrothermal Fe-Mn deposits. Major elements like Fe and Mn are slightly diluted in crusts DR02-10 and DR07-9 (Table 3 ) due to the presence of detrital minerals. Trace elements also seem to have a uniform distribution in all the studied crusts, showing high contents of Ni and Cu in crust DR07-9 and high Co and Ce in crust DR16-14. Geochemical studies on bulk composition confirm the prevalent hydrogenetic origin of crusts in the CISP [21.34] . [27] to differentiate genetic processes of the Fe-Mn oxides, light grey field hydrogenetic, medium grey hydrothermal and dark grey diagenetic, modified according [6] and [33] , discontinuous red lines, to better differentiate the genetic fields; (B) the same EPMA analysis plotted in the binary diagram according [28] to differentiate diagenetic or suboxic diagenetic fields.
These results are consistent with previous analysis of Fe-Mn crusts of the region [21] . Other discriminating diagrams have been used to differentiate the genetic process of the studied crusts, the first to compare the ratio of Co/(Ni + Cu) with the ratio Mn/Fe following the work of [28] (Figure 12B ). Other authors proposed several other binary graphics for the classification of Fe-Mn crusts and nodules using so-called High Field Strength Elements (HFSE) compared with the Mn/Fe ratio or the sum of Ni, Cu and Co in wt. % [31] (Figure 13 ). In both diagrams, it is visible that some high-resolution analysis on selected laminae of DR02-10 and DR07-9 plot in the diagenetic (or suboxic) field. Their chemistry indicates diagenetic origin, probably due to a temporary cover with sediments of the Fe-Mn oxyhydroxides and disappearance of the water-crusts interface, or early diagenesis that produces replacements in the previous precipitated hydrogenetic laminae [6, 33, 78] . In Figure 12 , it is also clear that spot analysis made on the pervasively altered substrate rock and Fe-Mn laminae near the substrate of the crust 107-11H plot in the hydrothermal field confirming this genetic influence at the base of the crust.
Comparing our results with previous work, it can be deduced that the diagenetic laminae in the hydrogenetic crusts are similar to diagenetic layers in nodules for instance from the CCZ. In [24] and then in [30] , authors have conducted similar high resolution studies on a set of diagenetic nodules [27] to differentiate genetic processes of the Fe-Mn oxides, light grey field hydrogenetic, medium grey hydrothermal and dark grey diagenetic, modified according [6, 33] , discontinuous red lines, to better differentiate the genetic fields; (B) the same EPMA analysis plotted in the binary diagram according [28] to differentiate diagenetic or suboxic diagenetic fields.
On the other hand, if we plot high-resolution analysis, it is possible to observe that some laminae enriched in Mn, Ni and Cu plot in the diagenetic field ( Figure 12A ). In addition, laminae from the crust 107-11H plot in both the hydrothermal and the hydrogenetic fields showing genetic model variations in its history growth ( Figure 12A) .
These results are consistent with previous analysis of Fe-Mn crusts of the region [21] . Other discriminating diagrams have been used to differentiate the genetic process of the studied crusts, the first to compare the ratio of Co/(Ni + Cu) with the ratio Mn/Fe following the work of [28] ( Figure 12B ). Other authors proposed several other binary graphics for the classification of Fe-Mn crusts and nodules using so-called High Field Strength Elements (HFSE) compared with the Mn/Fe ratio or the sum of Ni, Cu and Co in wt. % [31] (Figure 13 ). In both diagrams, it is visible that some high-resolution analysis on selected laminae of DR02-10 and DR07-9 plot in the diagenetic (or suboxic) field. Their chemistry indicates diagenetic origin, probably due to a temporary cover with sediments of the Fe-Mn oxyhydroxides and disappearance of the water-crusts interface, or early diagenesis that produces replacements in the previous precipitated hydrogenetic laminae [6, 33, 78] . In Figure 12 , it is also clear that spot analysis made on the pervasively altered substrate rock and Fe-Mn laminae near the substrate of the crust 107-11H plot in the hydrothermal field confirming this genetic influence at the base of the crust.
Comparing our results with previous work, it can be deduced that the diagenetic laminae in the hydrogenetic crusts are similar to diagenetic layers in nodules for instance from the CCZ. In [24] and then in [30] , authors have conducted similar high resolution studies on a set of diagenetic nodules from the German area of the Clarion-Clippertone Zone (CCZ) in the Central Pacific Ocean. These authors found that the studied nodules are generally made up of two layer types and a mix of them. These authors found that their layer type 1 is due to hydrogenetic growth of nodules with some differences in composition compared to the hydrogenetic layers in the Fe-Mn crusts from CISP and formed by precipitation of colloids of hydrated Fe and Mn oxides from oxic sea water [33] .
The layer type 2 found in nodules is clearly similar to the bright laminae found in crusts DR02-10 and DR07-9. EPMA analysis of CCZ nodules provides contents of Mn of up to 40 wt. % and very low contents of Fe (around 1 wt. %). This layer type also shows high Ni and Cu (respectively 2 and 1.37 wt. % in average) but very low Co and Ce (0.03 and 0.01 wt. %). Bright laminae analyzed in CISP Fe-Mn crusts have quite similar contents of all these elements but Cu that is less (from 0.2 to 1.1 wt. % in average; Table 5 ). The enrichment in Cu of CCZ nodules may be due to the high biogenic input that provide dissolved elements in the sediments that could be mobilized during diagenesis [79] . In addition, the presence of carbonate in the sediments from CISP could explain this difference. Copper recycling in carbonate rich sediments is higher than in essentially siliceous sediments (98% vs. 83-94%), resulting in Cu loss in seawaters [33] . Furthermore, high Cu in CISP freshly precipitated hydrogenetic Fe-Mn oxyhydroxides is highly bound to Fe-oxyhydroxides, 54% as seen in [21] , that, under suboxic conditions, were not mobilized as reversely occur to Mn-oxides in CCZ sediments or due to the occupation of metal positions by released Mn 2+ [80, 81] . The higher Mn/Fe ratio of these laminae is typical of suboxic diagenetic growth [4, 6, 30, 33, 77] . High-resolution spot analysis of crust DR02-10 further indicates a strong suboxic diagenesis that is reflected in the minor Ni+Cu contents of these laminae (0.8 vs. 4 wt. % in average) [4, 33, 82, 83] .
Similar results have also been obtained with LA-ICP-MS analyses on the different laminae found in studied Fe-Mn crusts. As could be seen, the different studied laminae show different REY contents and behavior in their normalization with PAAS ( Figure 9 , Table 5 ). Obtained REY contents plotted in Figure 9 (blue field) show that hydrogenetic laminae show their usual pattern with a high Ce positive anomaly and a marked Y negative anomaly compared with PAAS (line analysis of dense layers in Figure 10 ). These laminae are enriched in LREEs (up to 3000 µg/g), which counts 90% of the total of REY.
Obtained anomalies of Ce SN /Ce SN * of these laminae (Table S4 ) are normally high (up to 4.5), except DR16-14 that shows Ce anomaly of 2 due to the high enrichment in all the LREE compared with the other samples (Table S4 ). REY contents in the bright laminae of crusts DR02-10 and DR07-9 normalized to PAAS plot in the diagenetic field ( Figure 9A red field, Figure 10A ,C) with their typical Ce normalized negative anomaly that is also consistent with the calculation of Ce SN /Ce SN * (average 0.6) (Table S4) . Figure 13 . Several binary diagrams of the High Field Strength Elements (HFSE) according to [31] in which have been plotted LA-ICP-MS analysis of the selected samples. Hydrogenetic (blue) and diagenetic (orange) fields have been evidenced; the hydrothermal field is indicated in every diagram.
The layer type 2 found in nodules is clearly similar to the bright laminae found in crusts DR02-10 and DR07-9. EPMA analysis of CCZ nodules provides contents of Mn of up to 40 wt. % and very low contents of Fe (around 1 wt. %). This layer type also shows high Ni and Cu (respectively 2 and Figure 13 . Several binary diagrams of the High Field Strength Elements (HFSE) according to [31] in which have been plotted LA-ICP-MS analysis of the selected samples. Hydrogenetic (blue) and diagenetic (orange) fields have been evidenced; the hydrothermal field is indicated in every diagram.
In Figure 9 , it is also possible to differentiate two intermediate patterns, the first found in crusts DR07-9 and the other in crusts DR16-14 and 107-H11. The first one belongs to one of the bright diagenetic laminae ( Figure 10C ). The Ce/PAAS positive anomaly shown by these laminae (Figure 9A ) and the gradual transition from unidentifiable dense laminations to fibrous crystals support the theory that these laminae have a previous hydrogenetic origin. Due to sediment cover and also to the presence of a thick crust above, they start to experience diagenesis under oxic or suboxic conditions ( Figure 12B ) proved by the high Mn/Fe ratio (average 63) and the high contents of trace metals as Ni and Cu (average 3 and 1 wt. % respectively) [33] . Mn-oxides start a recrystallization process promoted by the mobilization of Mn 2+ ions released by the previously precipitated hydrogenetic Fe-Mn oxyhydroxides that are unstable in these new conditions [4, 33, 77, 84, 85] . Ce SN /Ce SN * is also slightly high compared with the diagenetic laminae (average 2.5) (Table S4 ). Finally, the other intermediate pattern (Figure 9 green field) is from Fe-rich laminae found essentially at the top of DR16-14 ( Figure 10D ) and through the lamination of 107-11H ( Figure 11D) . These laminae show a clear hydrogenetic influence (Ce SN /Ce SN *, respectively, 2 and 4.4) on freshly precipitated Fe-oxyhydroxides. These Fe enriched laminae are consistent with volcanic and hydrothermal events through the crusts growth [86] [87] [88] [89] [90] [91] [92] . The formation of Fe-and P-rich low temperature hydrothermal deposits have been documented in the 2011-2012 submarine volcanic event at El Hierro Island [93, 94] . Sample 107-11H shows the presence of a very thin Fe-Mn crust above the hydrothermally altered substrate. Punctual analyses show that the first laminae just above the transition from the substrate rock to oxide crust are also enriched in Fe and Ti with a hydrothermal component ( Figure 11B ,C). They could be part of an ancient low-temperature hydrothermal system, formed after a volcanic event, producing the alteration of volcanic rocks and the formation of Fe-rich hydrothermal aggregates as occurring on El Hierro Island [93] (Figure 10B ,C, Table 5 ). Fe-rich laminae show an intermediate pattern of REYs between the hydrothermal and the hydrogenetic field. The behavior of these Fe-rich laminae, which could be seen in crusts DR16-14 near the surface and in crust 107-11H at 2 mm from the surface, is probably due to a local volcanic event with similar characteristics that promoted an enrichment of dissolved Fe in the water that was subsequently hydrogenetically precipitated as it was already seen in [95] and will be discussed separately.
Environmental Influence in Fe-Mn Crusts
FeMn crusts from the CISP formed by the combination of several processes under different environmental conditions including changes in the OMZ thickness, the presence of volcanism and hydrothermal systems and the input of the Sahara desert dust [21, 34] over the last 75 My [35] .
CISP crusts studied have all been recovered at a water depth between 1700 and 1900 m. This area is influenced by the North Atlantic Deep Water (NADW) that moves water masses from north to south. The action of this current, together with the other deep currents Antarctic Intermediate Water (AAIW) and Antarctic Bottom Water (AABW), generate upwelling movement due to the presence of the seamounts provoking a high biological activity that increases the Oxygen Minimum Zone (OMZ) [96, 97] . CISP seamounts are influenced by dust clouds from the Sahara desert that could fly hundreds of kilometers west from the African coast [98, 99] . These factors can influence the formation of the crusts in different ways. Hydrothermal and volcanic activity together with Saharan influence may have led to the enrichment of different elements in the surrounding seawater, which eventually were incorporated in the Fe-Mn oxide precipitates (e.g., Fe, P, Si, etc.) [34] . On the other hand, the activity of currents, or the lack of them, can keep the substrate clean of sediments allowing the direct precipitation of Fe-Mn oxyhydroxides from the seawater [1, 5, 23, 100] , or could locally allow the coverage of Fe-Mn crusts with sediments and stop the water-mineral interaction. In this case, the precipitation of particular type of laminae composed of diagenetic minerals is possible. High resolution analysis of Fe-Mn crusts is useful to individuate and separate areas with different mineralogical and chemical compositions [101] . These authors suggest that the different mineralogy and geochemistry found in Fe-Mn crusts are related both to regional and local environmental changes, and micro studies are necessary for a strategic planning of area selection with the potential for future exploitation. Higher detrital input is usually bound to a dendritic growth of Fe-Mn minerals [1, 6] .
Hydrogenetic precipitation of Fe-Mn oxyhydroxides is directly bound to the presence of a thick OMZ, which is a reservoir of dissolved Mn and other elements in seawaters [1, 34] . The area OMZ studied is located between 100 and 1000 m water depth with a core of lower content of dissolved oxygen (between 50 and 150 umol/kg) located between 200 and 400 m. depth [96, 97] . Studies of dissolved elements in waters have been made in the area showing enrichment of dissolved elements (e.g., Fe, Mn, Co) in the range depth of the OMZ [102] . The action of upwelling currents generates a mixing zone that allows for the precipitation of thick Fe-Mn crusts on top and the slope of seamounts [4, 5, 15, 100] . The hydrogenetic Fe-Mn layers have been found as major in all the studied crusts; these layers have a great variability in element contents in each studied crust. Crusts DR16-14 and 107-11H recovered in the east and west flanks, respectively, of the Tropic Sm. are slightly enriched in Co, Ce and in ΣREY with respect to Crust DR02-10 and DR07-9. On the other hand, diagenetic laminae identified in crusts DR02-10 and DR07-9 seem to be formed by successions of burial and exposure of crusts and the precipitation of Mn, Ni and Cu enriched minerals from the pore waters (Table 5 ). This genesis is also confirmed by the high detrital minerals and bioclasts found in correspondence of these laminae ( Figure 10A ,C). Also in DR02-10, diagenetic laminae show an enrichment in Ca due to a higher bioclast input as can be seen in EPMA images ( Figure 10A ; Table 5 ). The presence of these diagenetic laminae influences the bulk geochemistry of the crusts by increasing the contents of Ni and Cu as has been recognized in this (Table 3 ) and previous work [21, 34] . Fe-rich laminae found in studied crusts ( Figure 9B ,D and Figure 10D ) could be related to an increase of dissolved Fe in seawater due to high Saharan input but also to local hydrothermal and volcanic activity near the seamounts [86, 92, 98, 99, 103, 104] .
Hydrothermal Influence in Fe-Mn Crusts
Hydrothermal influence in Fe-Mn crusts form CISP have been confirmed with the high resolution study of crust 107-11H. In this sample, it is possible to identify an altered substrate with the presence of several corroded and disappeared minerals (essentially feldspars, olivine and some magnetite) with a hydrothermal rim around them ( Figure 11A ). Alkaline volcanic rocks (basalts and basaltic breccia) are abundant on Tropic Sm and the CISP [89, 105, 106] . The pervasive alteration partly preserves the original brecciated structure and ghosts of previous minerals in this sample. Smectite and amorphous silica are alteration products of silicates (olivine, glass and pyroxenes) on this rock [86] . Peaks of quartz recognized in the sample can be due to the Saharan input as previously seen in [34] . Hematite and goethite group minerals can be produced by the alteration of magnetite and olivine [86, 107] . Similar textures and low-temperature hydrothermal alteration have been observed in basalts from Tagoro volcano (El Hierro Island) and in the Canary Islands area [86, 87, 93] . Phosphate enrichment in the hydrothermal products has also been observed there. EPMA analyses made through this sample and in selected laminae plotted in the ternary diagram ( Figure 14A) show that the two main processes in the formation of this crusts have been the hydrothermal and the hydrogenetic from base to top. In this sample, several laminae in contact with the altered substrate have been identified, presenting very high contents of Fe (up to 40 wt. %) and low Mn (maximum 2 wt. %). They also show low contents in all the typical trace elements usually enriched in Fe-Mn crusts Co, Ni, Mo and ΣREY (average of 196, 366, 43 and 750 µg/g, respectively) and slightly high Cu (up to 1000µg/g in average). These laminae also present high contents of As (up to 1500µg/g) due to the hydrothermal influence [93, 108] . To confirm these results, LA-ICP-MS spot analyses have been made in several different laminae (green discontinuous lines in Figure 11 ) to obtain their trace elements and REY contents. Results of these analyses plotted in a PAAS normalized diagram show that, in these crusts, it is also possible to identify the purely hydrogenetic origin of the Fe-Mn oxyhydroxides together with a component that is essentially hydrothermal ( Figure 14A ). Using this diagram, it is possible to differentiate laminae with Fe-oxyhydroxides with a clear hydrothermal origin from laminae with a mixed origin focusing on Ce negative anomaly and Eu and Y positive anomalies normalized to PAAS. Similar patterns have been found in Fe-Mn crusts recovered in several seamounts of the Eolian Islands archipelago [108] .
anomaly (0.6) and high Eu and Y anomalies (1.2 and 1.4 respectively) (Table S4 ). Furthermore, the hydrothermal influence on the formation of the Fe-rich laminae in contact with the substrate rock was also confirmed by Fe isotopes analyses on Fe-oxyhydroxides showing a positive value of the δ 57 Fe (from 0.27 to 0.60‰) similar to the obtained in freshly precipitated Fe-oxyhydroxides from the active hydrothermal system of Tagoro volcano in El Hierro Island (0.57‰) [110] . Nevertheless, we also consider for these laminae the superposition of halmyrolysis (palagonization of glass and development of Fe-oxyhydroxides) on the hydrothermally altered basalt as we can deduct from the Y/Ho ratio (24 ± 1) similar to island-arc basalts [109] . This phenomenon is common in deep-sea volcanic rocks [111] . 
CISP Crusts Composition and Metallurgic Methods
Nowadays, the interest in Fe-Mn crusts and nodules worldwide is centered on their important metal contents, essentially for the strategic and critical trace metal such as Co, Cu, Ni, Ti, V, Mo, Tl, W, Nb, Te and REEs [1, 2, 10, 42, 112] . Previous studies show that, while Mn nodules are easily recoverable and different mining caterpillar prototypes are being built and tested, Fe-Mn crusts have many more difficulties due to the great variability of thickness, composition at microscale level and to their accumulation and adhesion on substrate rock [101, 112] . Fe-Mn crust substrates composed by phosphorites, as sometimes occur in the Pacific or the CISP, could increase the value of potential resources (including P and Y) for future exploitation projects [101] . Elements interesting for mining are enriched in Fe-Mn crusts both as absorbed on the surface of the precipitated minerals or incorporated within the octahedral of the Fe and Mn oxyhydroxides structures due to their atomic radius similarity [1, 2, 6, 30, 33, 38, 40, 43, 85] .
Several metallurgical experiments have been made on Fe-Mn crusts and nodules to extract interesting metals. In the 1970s, four processes were considered economically viable to process Mn nodules: (a) Reductive ammonia leach, (b) High-pressure sulfuric acid leach, (c) Reduction and hydrochloric acid leach, and (d) Reductive smelting and sulfuric acid leach [41, 68, [113] [114] [115] . Between these methods, the third and fourth are considered of much interest due to their higher metal extraction.
The leaching process with ammonia, which involves a roasting process to pre-reduce metals, allows a selective leaching of essentially Co, Cu, Ni and Mo without dissolving Mn, Fe or the gangue present. This process is similar to the one used in the metallurgic treatment of the lateritic nickel ores but demand the use of reducing agents at high temperatures [40, [116] [117] [118] . As part of the hydrochloric acid leach process, the use of diluted hydrochloric acid is employed in order to leach Mn and related valuable elements (Co, Ni, Cu) without dissolving Fe [119] . In the diagram, it is possible to see the hydrothermal influence in the Fe-Mn oxyhydroxides; (B) ternary diagram from [31] in which have been plotted the spot LA-ICP-MS analyses to differentiate the genetic processes that take place in CISP Fe-Mn crusts and the plot of one sample of Fe-oxyhydroxides obtained from the the eruption of the Tagoro volcano on El Hierro Island.
La-ICP-MS analyses of all the studied crusts have been used to plot in the ternary diagram from [31] (Figure 14B ). In the diagram, the field of the three main genetic processes of the crusts have been proven. Many of the spot analyses made in the four studied crusts fall in the hydrogenetic field that is consistent with a major hydrogenetic influence in crusts that were studied. In addition, some spot analyses of crusts DR02-10 and DR07-9 fall in the diagenetic (oxic and suboxic) field and in the region between diagenetic and hydrogenetic. Finally, some spot analyses of crust 107-11H are plotted in the hydrothermal field and in the mixed hydrothermal/hydrogenetic zone. Both graphic representations confirm the hydrothermal alteration of the substrate rock and the influence of the hydrothermal activity in the first laminae of Fe-Mn oxyhydroxides precipitated in contact with the substrate. The enrichment in LREEs over MREEs is proven by ratios La SN /Sm SN > 1 in these hydrothermal laminae while the ratio for hydrogenetic laminae of <1 supports a different genetic origin for these laminae. Hydroxide complexes of La are less stable in seawater compared with Sm; in addition, REE in seawater form mono-and di-carbonate complexes whose stability increase with the atomic number, promoting a higher scavenging of LREY in hydrogenetic laminae [3, 109] . Hydrothermal laminae as were also seen in [20] reflect the seawater REY pattern, although some laminae can show a positive Eu anomaly in the REY/PAAS plot diagram, typical of hydrothermal fluids ( Figure 14A ).
In addition, Ce, Eu and Y anomalies on these laminae are useful to separate them by their genetic process. Laminae with very high Ce anomaly (up to 4.4) are the hydrogenetic or hydrogenetic/hydrothermal laminae represented in Figure 14A by the blue and green fields.
These laminae show low Y and Eu anomalies (average 0.7 and 1, respectively). The hydrothermal/hydrogenetic laminae also show a high Ce anomaly (4 in average) that is only slightly low compared with the hydrogenetic and hydrogenetic/hydrothermal laminae. These laminae also have a slightly high Y anomaly (0.9 in average) and a similar Eu anomaly (average 1) compared with the previous laminae. Hydrothermal Fe-oxyhydroxides, on the other hand, have a low Ce (1.7 in average) and high Y (1 in average) anomalies. Finally, new formed minerals within the substrate rock are clearly hydrothermal; hydrothermal fluids that participate in the formation of these minerals acquire their signature interacting with volcanic/magmatic bodies. These minerals have very low Ce anomaly (0.6) and high Eu and Y anomalies (1.2 and 1.4 respectively) (Table S4 ). Furthermore, the hydrothermal influence on the formation of the Fe-rich laminae in contact with the substrate rock was also confirmed by Fe isotopes analyses on Fe-oxyhydroxides showing a positive value of the δ 57 Fe (from 0.27 to 0.60% ) similar to the obtained in freshly precipitated Fe-oxyhydroxides from the active hydrothermal system of Tagoro volcano in El Hierro Island (0.57% ) [110] . Nevertheless, we also consider for these laminae the superposition of halmyrolysis (palagonization of glass and development of Fe-oxyhydroxides) on the hydrothermally altered basalt as we can deduct from the Y/Ho ratio (24 ± 1) similar to island-arc basalts [109] . This phenomenon is common in deep-sea volcanic rocks [111] .
The leaching process with ammonia, which involves a roasting process to pre-reduce metals, allows a selective leaching of essentially Co, Cu, Ni and Mo without dissolving Mn, Fe or the gangue present. This process is similar to the one used in the metallurgic treatment of the lateritic nickel ores but demand the use of reducing agents at high temperatures [40, [116] [117] [118] . As part of the hydrochloric acid leach process, the use of diluted hydrochloric acid is employed in order to leach Mn and related valuable elements (Co, Ni, Cu) without dissolving Fe [119] .
Pyrometallurgic methods are focused on the formation of alloys enriched in valuable metals (Ni, Co, Cu and Mo), producing a slag enriched in Mn (> 40% Mn in the slag). This enriched slag could be also subsequently treated as Mn ore for several steel alloys. The method consists in the heating at 1450 • C of the previously grinded and pelletized crusts with the addition of SiO 2 as flux. The Mn enriched slag could be treated at 1600 • C for further ferromanganese reduction [38, 120] . Recovery rates of Co, Ni and Cu are above 90%, but Mo has a more variable recovery rate but also in a 90% mean.
In order to consider a metallurgic method, it is useful to define that both hydrometalluric methods described above need large volumes of acid waste and consequent ecological problems [38, 40] . Pyrometallurgic methods have a higher metal recovery rate but also the inconvenience of a very careful temperature control of the slag in order to minimize the Mn amount in the metal alloy [42] . Furthermore, recent studies proposed by [36] on the methods to extract valuable elements from Fe-Mn minerals, comparing hydrometallurgy and pyrometallurgy, suggest that the hydrometallurgical methods are generally preferable due to the lower energy consumption and consequently small carbon footprint.
The interest in metals of Fe-Mn crusts is not only restricted to Co, Ni, Cu and Mo but also for their REEs contents and other minor and critical metals. In this way, several researchers consider that REEs in the residue after the extraction of base metals would be more concentrated (up to three times that of bulk crust) and economically viable for their extraction as a byproduct and that LREEs have the higher recovery rate [121] [122] [123] . Total REYs contents obtained in hydrogenetic minerals from CISP crusts with LA-ICP-MS varying from 3000 and 5000 µg/g, 80-90% of them are represented by LREEs ( Table 5 and  Table S4 ). With these range contents of hydrogenetic minerals, after the base metal extraction, REY ores are also achievable.
Fe-Mn crusts from CISP, as seen above, are formed by the mix of several genetic processes that lead to the formation of various Fe-Mn oxyhydroxides. Hydrogenetic minerals (Fe-vernadite) are enriched essentially in Co, V, Mo and REY ( Table 5 and Table S4 ). The action of diagenesis through the growth of crusts DR02-10 and DR07-9 leads to the formation of thin laminae formed by todorokite, buserite and asbolane (Figures 7, 8 and 10 ) that are enriched in Ni and Cu with low contents of the other elements ( Table 5 and Table S4 ) that change their bulk contents slightly. Due to the small thickness of these laminae (down 20 micron), it has been impossible to study them separately. Previous sequential leeching analyses made both on hydrogenetic and mixed diagenetic/hydrogenetic crusts from CISP and other similar deposits [18, 21, 121, 124] show that Co, Ni, Cu, LREEs and in general most of the valuable elements (eg., Te, Nb, Pt) are strictly bound to the Mn-oxides phase, as observed in the Pacific Ocean deposits. In this sense, Mn-oxides (Fe-vernadite) could be defined as critical-element bearing minerals to mine high-and green-tech metals as byproducts. On the other hand, HREEs are bound as complexed anions to the Fe-oxyhydroxides [1, 43] .
Due to the enrichment in all the valuable metals in CISP Fe-Mn crusts, all of the previous metallurgic methods could be considered to extract metals from crusts. Purely hydrogenetic crusts (e.g., DR16-14) have the benefit of their higher enrichment in REYs (essentially LREEs) that made them interesting and valuable candidates as byproducts. On the other hand, mixed diagenetic/hydrogenetic crusts (e.g., DR07-9) due to their lower REY (bulk 2300 vs. 3700 ppm) and Mo (380 vs. 640 ppm) could be considered exclusively as Ni + Co + Cu (+ Fe-Mn) ore (Table 3) .
In this work, we experimented with the metal extraction with a leaching method proposed by [18] in order to verify the recovery rate obtained for each element. Studied crusts contain up to 1 wt. % of valuable metals represented by Co, Ni, Cu, V, Mo and REY.
Hydrogenetic minerals (essentially Fe-vernadite, DR16-14) show a total recovery rate for valuable metals (Co, Ni, Cu, V, Mo and REY) of 68 ± 10%, and the better values are found for Mn, Ni, V and REY (respectively 81, 70, 83 and up to 89 ± 10%), but lower recovery for Fe, Co, Cu and Mo (57, 63, 50 and 42 ± 10%). This result could be due to the presence of high Fe content and the better intermixed growth of Fe and Mn oxyhydroxides in this sample and the presence of great amounts of hydrogenetic Fe-oxyhydroxides (i.e." Mn-feroxyhyte Supplementary Materials Figure S1C ) with poor dissolution (only 57 ± 10% of the total Fe) that also concentrate these elements in their structure. Better results have been obtained in DR02-10 with a total recovery rate for considered elements with up to 90 ± 10% with not so good recovery results for Mo (63 ± 10%). In this crust, hydrogenetic minerals but also diagenetic minerals enriched in Ca have been found, with also high Ni and Cu, which could explain the better recovery rate due to the lower resistance of Ca to the hydrochloric acid ( Figure 10A and Table 5 ). Co recovery rate of this sample reaches 108 ± 10%, and this value can be due to the analytical error; the residue of the hydrometallurgical method will be analyzed in future works in order to calculate the mass balance between the phases and reduce this error (Table S3 ). Finally, sample DR07-9 shows a total recovery rate for all the valuable metals of 67 ± 10% with inferior recovery results for Mn and Ni (75 and 53 ± 10%) compared with the other samples. This difference could be explained by the mineralogy of the samples; diagenetic better crystalized minerals found in this sample (todorokite, buserite and asbolane, Figures 6D and 7D) with Mn contents up to 40 wt. % and high Ni (up to 6 wt. %) ( Figure 10C and Table 5 ) seem to be more resistant to the leaching process and can still be found in XRD analyses made on the residue ( Figure S1B ). Cu is also enriched in these minerals, but its recovery rate is higher at 67 ± 10%. This is due to the Cu position in the interlayer zone of the buserite structure that allows for a better release of this metal [72, 125, 126] . On the other hand, it seems that Mn, Ni and Co form alternate layers along the c-axis in the crystal structure of asbolane [127] . Mo recovery rate of studied samples (26-63 ± 10%) is the lowest of all considered trace elements. Mo is bound to Mn-oxides, as was reported by several authors [121, 128, 129] , but also, in previous studies, it was reported that, during leaching experiments, Mo concentrated with the Fe fraction [18, 43] ; this behavior can be due to a re-adsorption of Mo in the remaining Fe-oxyhydroxides during the experiment [121] .
Pyrometallurgical methods such as performed in [130] show a higher recovery rate (up to 90% for Ni, Cu, Co) compared with this experiment. Hydrometallurgical experiments show more variation depending on the selected procedure. The recovery rate obtained by [117] with an ammoniacal solution in previously roasted Fe-Mn nodules also show higher recovery rates for Ni and Cu (up to 90%) but low for Co (maximum 82%). Both experiments appear as suitable methods for processing Fe-Mn deposits but have the inconvenience of the higher energetic waste [36] . Pure hydrometallurgical methods, on the other hand, are a more suitable method with less energetic waste and their flexibility on multiple products. The method using hydrochloric acid with the addition of a reducing agent (ethanol) proposed by [18] and performed here also show a higher recovery rate (up to 96% for valuable metals) compared with our experiment. The first consideration is that the recovery rate of Fe in CISP crusts is the lower of all the studied elements (around 50 ± 10% of the total) compared with the 90% obtained in polymetallic nodules. In addition, the recovery rate obtained for bulk crusts reflect partially the influence of the mineralogy of the Fe-Mn crusts. The lower recovery rate obtained in our experiment compared with [69] must be due to a high time exposure time of the samples to leaching solution during their filtering (that took some hours). As was indicated by authors in [66] , the equilibrium reaction forming CH 3 Cl is faster than the reaction forming C 2 H 5 Cl and this depletes the free chloride ions in solution promoting the precipitation of the metals as hydroxides or their absorption on the residual Fe oxyhydroxides instead of remaining in solution as metal chlorides' complexes [131] . The use of a vacuum filtration is conducted in order to have better control on the time.
Comparison with previous sequential leaching performed in [21] shows that the hydroxylamine digestion has a higher recovery rate for several elements as Mn (92% and 82%), Co (93% and 92%) and Ni (87% and 76%), respectively, in mixed diagenetic/hydrogenetic and purely hydrogenetic crusts, but lower recovery rates for elements like Cu (54% and 29%), V (53% and 51%) and especially Mo (around 2% in both crusts). In contrast, the concentrated hydrochloric digestion of the sequential leaching is useful to dissolve almost all the Fe (80% and 61%), together with part of the Cu (33% and 54%), not linked to the purely Mn oxides, part of the V (40% and 36%) and almost all the Mo (89% and 85%). Between the REY (sum of Y, La and Ce), it is also possible to see that both the hydroxylamine and the hydrochloric digestions have lower recovery rates (45% and 60% and 34% and 26%, respectively). In this way, hydroxylamine digestion is a better method in order to extract Mn, Co and Ni, but the recovery of the other valuable elements needs a second leaching step. A similar experiment has been made on Fe-Mn nodules from the Gulf of Cádiz [132] . In this work, a concentrated hydrofluoric acid (HF 40%) has been used in order to dissolve all the Fe-oxides and silicates and obtain a residual solid Mn concentrate. After the acid treatment, both the solution and the residual solid were analyzed. The analysis of the solution shows that all the Fe was dissolved with also around 40 % of the Mn. On the other hand, the residual solid was enriched in Mn but also in all the valuable trace elements by a factor of 2 in the case of Co (120 µg/g the residual solid vs. 64 µg/g in the bulk) and higher for Ni and Cu (250 and 83 µg/g vs. 43 and 16 µg/g). This enrichment can reach also a factor of 3 in the case of the LREEs, i.e., La (80 µg/g vs. 18 µg/g). In high resolution analysis of this study and also in sequential leaching of two types of crusts performed in [21] , it seems clear that Fe-Mn crusts from CISP concentrate most of the valuable metal in the Mn oxides (Tables 4 and 5 ). In this way, the pre-treatment with hydrofluoric acid allows for obtaining a manganese concentrate enriched essentially in Co, Ni, Cu, Mo and most of the LREEs.
Finally, we can remark that detailed studies of the seamounts and their crusts will be useful in future mining plans and metals' extractive works. The location of high diagenetic influenced crusts (rich in Mn, Ni and Cu) in one area of the seamount with respect to the rest, with predominance of hydogenetic crusts, can lead to choosing the hydroxylamine leaching. This method, as seen above, shows a better recovery rate of in diagenetic Mn-oxides compared with the hydrochloric leaching.
Conclusions
The work deals with a detailed mineral and chemical investigation on Fe-Mn crusts together with qualification of the metal recovery rate highlighting the great importance from both scientific and economic points of view.
Fe-Mn crusts from CISP are enriched in several economic elements (Co, Ni, Cu and REY) with contents up to 1 wt. %. The enrichment in one element or another is strictly bound to the genetic process that influenced each crust and also on their mineralogy.
High-resolution mineralogical analyses performed with micro XRD, Raman and FT-IR on selected laminae have been useful as innovative tools, to recognize these minerals forming very thin laminae (down 50 micron) and identifying the diagenetic processes that form different minerals through the growth of crusts DR02-10 (todorokite and less buserite) and DR07-9 (essentially buserite and intergrown asbolane). These techniques have been used to better identify and separate the purely hydrogenetic minerals (essentially vernadite) with low crystallinity and those that form both mixed diagenetic/hydrogenetic microlayers (birnessite, Ni-Cu asbolane and buserite).
High-resolution geochemistry performed both with EPMA and LA-ICP-MS shows that bright laminae on DR02-10 and specially DR07-9 are highly enriched in Mn (up to 40 wt. %), Ni (up to 6 wt. %) and Cu (up to 2 wt. %) with very low contents of other trace metals or REY. These contents are in the range of typical diagenetic nodules from the Pacific Ocean. On the other hand, hydrogenetic minerals show quite similar contents of Fe and Mn (ranging from 16 to 23 wt. %), but high contents of Co, V, Mo and especially REY (up to 1, 0.1, 0.06 and 0.3 wt. %) closely to other crusts in the Atlantic or Pacific oceans. Finally, some bright laminae evidenced with EPMA in crusts DR16-14 and 107-11H are enriched in Fe (up to 60 wt. %) with small contents of trace metals. REY and HFSE pattern of these laminae plot in the hydrothermal or mixed hydrothermal/hydrogenetic field.
A hydrometallurgical method performed on studied crusts shows a recovery rate of valuable elements (Co, Ni, Cu, V, Mo and REY) ranging from 67 to 90%. Mixed diagenetic/hydrogenetic influenced crust shows a low recovery rate for Mn (75%) and Ni (52%) compared with a lower diagenetic influenced or purely hydrogenetic crusts, probably due to the difficulty digestion of better crystalized minerals (todorokite, asbolane and buserite) as appearing in the XRD made on the residue. The comparison with previous sequential leaching on similar mixed diagenetic and purely hydrogenetic samples suggest the adoption of a pre-digestion with hydroxylamine in order to dissolve up to 90% of Mn, and Co and up to 80% of Ni. This pre-digestion also provides interesting contents of Cu, V and REY (50% on average). Subsequently, the digestion with hydrochloric acid in a reduced solution provides the rest of the valuable elements, essentially Cu, V, Mo and the undissolved REY. More experiments in this sense will be developed in future works.
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